Studies over the past 20 years have defined the Hippo signaling pathway as a major regulator of tissue growth and organ size. Diverse roles for the Hippo pathway have emerged, the majority of which in vertebrates are determined by the transcriptional regulators TAZ and YAP (TAZ/YAP). Key processes regulated by TAZ/YAP include the control of cell proliferation, apoptosis, movement and fate. Accurate control of the levels and localization of these factors is thus essential for early developmental events, as well as for tissue homeostasis, repair and regeneration. Recent studies have revealed that TAZ/YAP activity is regulated by mechanical and cytoskeletal cues as well as by various extracellular factors. Here, I provide an overview of these and other regulatory mechanisms and outline important developmental processes controlled by TAZ and YAP.
Introduction
A coordinated balance between proliferation, apoptosis and differentiation is essential for the accurate formation and maintenance of tissues and organs. Recent studies have indicated that the fidelity of these processes relies on cues transduced by the Hippo pathway, a conserved signaling pathway crucial for integrating cytoskeletal changes with the extracellular environment. The Hippo pathway was identified in genetic studies of Drosophila melanogaster as a suppressor of tissue overgrowth (Huang et al., 2005; Jia et al., 2003; Justice et al., 1995; Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003) . This initial work outlined a core group of factors that control transcriptional events important for cell proliferation and apoptosis. A wealth of studies since then, including those in vertebrates, has greatly expanded the complexity of the Hippo pathway network.
This Review provides an overview of the Hippo pathway in development, with a particular focus on the mammalian transcriptional regulators TAZ (transcriptional co-activator with a PDZ-binding domain; also known as WW domain containing transcription regulator 1, or WWTR1) and YAP (Yes-associated protein; also known as YAP1). TAZ and YAP function as key downstream effectors of the Hippo pathway, and throughout this Review I refer to these factors collectively as TAZ/YAP, as many aspects of their regulation and function are shared. New mechanisms directing the nuclear/ cytoplasmic localization of TAZ/YAP have been revealed and will be discussed. These regulatory mechanisms are closely integrated with extracellular stimuli that influence cytoskeletal dynamics, such as mechanical forces exerted by matrix stiffness (Dupont et al., 2011) , as well as modulators of G protein-coupled receptors (GPCRs) . Notably, regulation of TAZ/YAP localization is implicated in the control of various developmental processes, ranging from pre-implantation embryogenesis to the patterning of many organs. Clear redundancy in the developmental roles and molecular activity of TAZ/YAP exist, but evidence also indicates that TAZ and YAP have divergent functions, which are discussed below.
The core Hippo pathway: a conserved network of signals
A search for mutations that led to tissue overgrowth in D. melanogaster identified a conserved kinase cascade that comprises the Hippo kinase, the Warts kinase and the adaptor proteins Salvador and Mob ( Fig. 1A ) (Jia et al., 2003; Justice et al., 1995; Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003) . Activation of these signals promotes phosphorylation of the transcriptional regulator Yorkie by the Warts kinase, resulting in its exclusion from the nucleus (Huang et al., 2005) . Nuclear Yorkie promotes proliferation and inhibits apoptosis by associating with the transcription factor Scalloped (Goulev et al., 2008; Wu et al., 2008; Zhang et al., 2008) . Nuclear Yorkie relieves the action of transcriptional repressors associated with Scalloped, thereby activating the expression of a variety of target genes (Koontz et al., 2013) . Uncontrolled nuclear Yorkie activity induces cellular overgrowth phenotypes, acting as the primary driver of phenotypes identified in the early genetic screens. A wealth of additional studies in Drosophila, including recent mass spectrometry-based proteomic approaches (Kwon et al., 2013) , has broadened the Drosophila Hippo pathway network, which now extends to factors that respond to alterations in cell adhesion and polarity, as well as to core regulators of the actin cytoskeleton (Fernandez et al., 2011; Sansores-Garcia et al., 2011) .
The conservation of the core Hippo pathway factors is striking, as the kinase cascade is conserved throughout the eukaryotic kingdom. These factors have taken on diverse essential roles (see Box 1), which include the regulation of mitotic exit in Saccharomyces cerevisiae (Fig. 1B) , thermal stress resistance in Caenorhabditis elegans (Fig. 1C ) and control of cell fate in mammals (Fig. 1D) . Much of the insight into the molecular functions of Hippo pathway effectors has come from studies in mammalian model systems. YAP, which is a functional homolog of the transcriptional regulator Yorkie, was the first protein identified with a WW domain (Sudol, 1994; Sudol et al., 1995) , a protein-interaction domain comprising a distinct arrangement of two tryptophan (W) residues. TAZ, a paralog of YAP, was subsequently characterized (Kanai et al., 2000) . The finding that TAZ phosphorylation on a conserved serine residue (Ser89 in human TAZ; equivalent to Ser127 in human YAP) promotes binding to 14-3-3 proteins and subsequent cytoplasmic retention revealed a key mechanism of Hippo pathway function (Kanai et al., 2000) . Phosphorylation of this residue by the LATS1 and LATS2 kinases (homologs of Warts) has emerged as the signature mode of action for the Hippo pathway, and dissection of this phosphorylation event has charted many regulators of TAZ/YAP activity. Most upstream components in the Hippo pathway are conserved in mammals, including the MST1 and MST2 kinases (homologs of Hippo, also known as STK4 and STK3), SAV1 (a homolog of Salvador, also known as WW45), and MOB1A and MOB1B (homologs of Mob). However, as is the case with flies, numerous studies, including recent mass spectrometry-based proteomic studies Wang et al., 2013) , have extended the effectors of the pathway, many of which have not yet been dissected in detail.
The regulation of TAZ/YAP in vertebrates TAZ/YAP are the primary downstream effectors of Hippo pathway signaling in vertebrates, and these factors share many regulatory features and structural domains (Fig. 2) . Diverse factors, including kinases, adaptor proteins and miRNAs control TAZ/YAP activity. Many of these factors are highlighted in Table 1 . Moreover, as outlined in Table 2 , many post-transcriptional modifications have been reported to control TAZ/YAP localization and activity. Below, I emphasize the prominent regulatory features found within TAZ/ YAP and provide an overview of some of the key factors and pathways that control TAZ/YAP activity.
Structural features of TAZ and YAP
The most discernible domain within TAZ or YAP that confers signaling specificity is the WW domain, which consists of two tryptophan residues separated by 20-23 amino acids (Salah et al., 2012) . The WW domains within TAZ/YAP recognize a PPxY motif ( proline/proline/any amino acid/tyrosine) that is found in a variety of proteins, many of which control TAZ/YAP localization and activity. The human TAZ isoform that is commonly studied possesses one WW domain, whereas the human YAP isoform contains two tandem WW domains. However, isoforms of TAZ and YAP with either one or two WW domains have been identified (Sudol, 2013; Webb et al., 2011) .
TAZ and YAP also share a C-terminal PDZ-binding motif, which mediates interactions with PDZ domains. PDZ domains are 80-90 amino acid protein-interaction domains that are found in several proteins, many of which are transmembrane or cytoskeleton associated (Ye and Zhang, 2013) . Functionally, the PDZ-binding domains are suggested to direct TAZ/YAP localization (Oka and Sudol, 2009; Remue et al., 2010) . Mono-methylation of lysine 494 in YAP, which lies very close to the PDZ-binding domain, promotes the cytoplasmic retention of YAP (Oudhoff et al., 2013) . Given this proximity it is reasonable to speculate that methylation might regulate the binding of YAP to PDZ-domain proteins, consequently impacting YAP localization.
The extended C-terminus of TAZ/YAP constitutes an unstructured transcriptional activation domain. Within this domain lies a conserved tyrosine residue (Y321 in human TAZ; Y407 in human YAP), which is phosphorylated by c-ABL, SRC and YES (Jang et al., 2012; Levy et al., 2008; Zaidi et al., 2004) . Although the processes controlled by this modification are not fully understood, evidence indicates that it regulates the transcriptional roles of TAZ/YAP (Jang et al., 2012; Fig. 1 . Conservation of the core Hippo pathway. The core components of the Hippo signaling pathway in (A) Drosophila melanogaster, (B) Saccharomyces cerevisiae, (C) Caenorhabditis elegans and (D) mammals. The functionally conserved factors are matched by color. In S. cerevisiae these signals are known as the mitotic exit network, which controls mitotic exit and cytokinesis. In C. elegans these signals control transcriptional events important for thermal response and aging, whereas in D. melanogaster and mammals this network controls transcriptional events that direct proliferation, apoptosis and cell fate.
Box 1. Evolutionary conservation of the Hippo pathway
The Hippo pathway is highly similar to the mitotic exit network (MEN) in Saccharomyces cerevisiae, a system of signaling effectors that serve as a checkpoint for proper exit from mitosis (Bosl and Li, 2005) . The MEN includes Cdc15, a member of the Ste20-like kinase family that is homologous to Drosophila Hippo, which phosphorylates the scaffold protein Nud1 to assemble a complex consisting of Dbf2 and the adaptor Mob1 (Rock et al., 2013) . Dbf2 is part of the NDR family of kinases, which include Drosophila Warts and mammalian LATS1/2 (Hergovich et al., 2006) . Mob1 facilitates Dbf2 activity, which is homologous to the role that Mob proteins play in the activation of Warts and LATS1/LATS2 (Lee et al., 2001; Mah et al., 2001) . Activated Dbf2 promotes the phosphorylation and activation of the Cdc14 phosphatase, which dephosphorylates and inhibits Cdk1, ensuring exit from mitosis and accurate cytokinesis. Despite their importance in higher eukaryotes, homologs of TAZ/YAP or TEAD transcription factors remain elusive in yeast (Hilman and Gat, 2011) .
The emergence of genes encoding the transcriptional effectors of the Hippo pathway appears to have occurred prior to the origin of metazoans, as unicellular Capsaspora owczarzaki, a unicellular amoeboid, possess functional homologs of YAP and TEAD-like factors (Sebe-Pedros et al., 2012) . Recent work in C. elegans has also identified a YAP homolog, which was named YAP-1 (Iwasa et al., 2013) . The gene duplication leading to TAZ and YAP occurred in vertebrates, and their dynamic expression patterns play essential roles in the development of various organs in Xenopus tropicalis and Danio rerio (Hong et al., 2005; Hu et al., 2013; Jiang et al., 2009; Nejigane et al., 2011) . Interestingly, a divergence in several upstream regulators of TAZ/YAP appears to have specifically evolved in vertebrates. For example, the adaptor protein angiomotin (AMOT), which has no obvious homolog in flies, has vital roles in regulating TAZ/YAP activity in vertebrates (Chan et al., 2011; Yi et al., 2013; Zhao et al., 2011) . Nonetheless, despite differences in some aspects of regulation, the conservation of core components underscores the evolutionary importance of the Hippo pathway. Zaidi et al., 2004) . Recent observations suggest that the SRC kinase promotes YAP binding to TEAD transcription factors in cancerassociated fibroblasts (Calvo et al., 2013) . Similarly, YES1-induced tyrosine phosphorylation of YAP in colon cancer cells induces its binding to the transcriptional regulator β-catenin and the transcription factor TBX5, which together inhibit apoptosis (Rosenbluh et al., 2012) . Conversely, c-ABL-mediated phosphorylation of YAP promotes apoptosis in response to DNA damage (Levy et al., 2008) . Recent data also indicate that tyrosine phosphorylation of YAP is associated with increased DNA damage and loss of epithelial homeostasis, which contributes to the defective repair of RASSF1A-depleted tissues following inflammation-induced injury (Gordon et al., 2013) . Thus, given the varying effects mediated by tyrosine phosphorylation, our understanding of the molecular mechanisms by which this modification affects TAZ/YAP activity is incomplete.
A shared domain in the N-terminal region of TAZ/YAP mediates binding to TEAD transcription factors. In YAP this domain consists of two short alpha helices with an extended loop that contains a PxxΦP motif (where x is any amino acid and Φ is a hydrophobic residue) . Although much of the TEAD-binding domain is conserved between TAZ and YAP, TAZ lacks the PxxΦP motif. Thus, differences between TAZ and YAP binding to TEAD transcription factors exist, which is supported by recent molecular modeling studies and mutational analysis (Hau et al., 2013) . However, whether these differences translate to disparate TAZ/YAP activities in vivo is yet to be determined. What is clear is that point mutations that disrupt the binding of TAZ or YAP to TEADs abolish their ability to promote proliferation and tumorigenic overgrowth phenotypes (Lamar et al., 2012; Zhang et al., 2009; Zhao et al., 2008) , suggesting that control of TEAD activity is crucial for many of the TAZ/YAP functions described.
The TEAD-binding region in TAZ/YAP is in very close proximity ( possibly overlapping) with that required for 14-3-3 binding. 14-3-3 binding fosters cytoplasmic sequestration (Basu et al., 2003; Kanai et al., 2000) , and is one of the major mechanisms by which the Hippo pathway controls TAZ/YAP localization and activity. 14-3-3 binding is induced by LATS1/2 kinase-mediated phosphorylation of the well-studied Ser89 in human TAZ and Ser127 in human YAP. Substitution of the phosphoserine with an alanine promotes nuclear TAZ/YAP localization and activity, driving cellular overgrowth phenotypes both in vitro and in vivo.
Although several features are shared between TAZ and YAP, distinctions are evident. For example, the extreme N-terminus of YAP contains a proline-rich region not found in TAZ. This region is reported to interact with heterogeneous nuclear ribonuclear protein U (hnRNPU) (Howell et al., 2004) , a nuclear matrix RNAbinding protein that plays a role in mRNA processing. YAP also possesses an SH3-binding motif (amino acids PVKQPPPLAP) that is lacking in TAZ. This region mediates interactions with the SH3 domains of several proteins, including the YES and SRC kinases, as well as the adaptor proteins NCK and CRK (Sudol, 1994) . However, these differing features of TAZ and YAP have not been well explored.
TAZ/YAP stability and turnover
The C-terminal region of TAZ/YAP contains a serine-rich phosphodegron motif that, when phosphorylated, targets TAZ/YAP for ubiquitylation and proteasome-mediated degradation. LATS1/ 2-mediated phosphorylation of a conserved serine in this region (Ser311 in human TAZ; Ser397 in human YAP) primes for further phosphorylation by CK1ε/δ kinases (Ser314 on human TAZ; Ser400/403 in human YAP) Zhao et al., 2010) . A consequence of these modifications is the recruitment of the β-TrCP/SCF ubiquitin ligase, which facilitates TAZ/YAP ubiquitylation and degradation Zhao et al., 2010) . Phosphorylation of TAZ on Ser314 by the kinase NEK1 also recruits β-TrCP, but, interestingly, in this scenario TAZ is suggested to function as an adaptor for β-TrCP to promote ubiquitylation of the calcium-permeable cation channel protein polycystin 2 (PC2, or PKD2) (Tian et al., 2007) , thereby controlling cilia-directed signaling (Yim et al., 2011) .
Other regions are also important for regulating TAZ stability. Phosphorylation of TAZ by glycogen synthase kinase 3β (GSK3β) on Ser58 and Ser62 in human TAZ also recruits β-TrCP, targeting TAZ for degradation (Huang et al., 2012) . GSK3β associates with Axin and APC to make up a complex that targets the transcriptional regulator β-catenin for degradation (Stamos and Weis, 2013) . Recent work shows that this complex destabilizes TAZ/β-catenin complexes (Azzolin et al., 2012) . Stimulation of cells with Wnt, which inhibits GSK3β activity, increases TAZ and β-catenin levels and nuclear activity. In this context GSK3β is reported not to target the phospho-degron in the N-terminal region of TAZ, suggesting that additional modifications control TAZ stability. GSK3β-mediated regulation of YAP has not been reported. A specific regulator of YAP stability that has recently been uncovered is the homeodomain-interacting protein kinase (HIPK2), which stabilizes YAP to promote its nuclear activity (Poon et al., 2012) . Thus, disparate regulation of TAZ and YAP levels exists. Table 2 for a more complete list).
Mechanical cues and GPCRs: novel upstream regulators of TAZ/YAP
An important class of TAZ/YAP regulators that has been uncovered recently is the GPCR family, a large group of receptors that make up ∼4% of the protein-coding genome (Bjarnadottir et al., 2006) . GPCRs sense extracellular molecules and relay signals through associated G proteins. In response to phospholipids, such as serum-borne lysophosphatidic acid (LPA) or sphingosine 1-phosphophate (S1P), receptors coupled to Gα12/ 13 GTP-binding proteins have been shown to inhibit the LATS1/2 kinases, inducing nuclear TAZ/YAP activity . Protease-activated receptor [PAR, also known as thrombin receptor (F2R)], which also transduces signals via Gα12/13 proteins, similarly stimulates nuclear TAZ/YAP following its activation by the serine protease thrombin (Mo et al., 2012) . Conversely, stimulation of Gαs-coupled GPCRs with hormones, such as epinephrine or glucagon, increases LATS1/2-mediated phosphorylation of YAP, thereby decreasing nuclear YAP activity . Additionally, cyclic adenosine monophosphate (cAMP), a secondary messenger downstream of Gαs-coupled receptors, acts via protein kinase A (PKA) to stimulate LATS1/ 2-mediated YAP phosphorylation to maintain high levels of cytoplasmic YAP Yu et al., 2013) . Thus, a diverse array of GPCR-mediated signals appears to direct TAZ/ YAP localization in opposing manners, providing a large number of potential mechanisms for TAZ/YAP control.
Observations suggest that GPCR-regulated cues are transduced to TAZ/YAP via Rho-GTPases, a family of GTPases that influence actin cytoskeleton dynamics . Activation of Rho-kinase (ROCK), a downstream Rho-GTPase effector, has been shown to promote nuclear TAZ/YAP activity (Dupont et al., 2011) . Mechanical cues are regulators of Rho-GTPase and ROCK activity, and stiffness changes in the cellular environment have emerged as mediators of TAZ/YAP activity (Aragona et al., 2013; Dupont et al., 2011) . For example, stiff extracellular conditions or surfaces that allow cell spreading induce nuclear TAZ/YAP localization. Alterations in filamentous actin (F-actin) assembly are related to these mechanical cues, as disruption of F-actin stress fibers represses nuclear TAZ/YAP (Dupont et al., 2011) . Conversely, soft microenvironments or surfaces that confine the physical cellular environment restrict nuclear TAZ/ YAP. F-actin capping or severing proteins, such as cofilin, CapZ and gelsolin, facilitate the restriction of TAZ/YAP in the cytoplasm, as depletion of these factors induces nuclear TAZ/YAP activity in a compacted microenvironment (Aragona et al., 2013) .
The mechanical signals directed by TAZ/YAP are important biologically, as they influence cell fate decisions, the best-described example of which is the specification of mesenchymal stem cell (MSC) fate ( Fig. 3) (Dupont et al., 2011; Hong et al., 2005) . The ability of cytoskeletal dynamics to influence cell fate was initially described in MSCs (Engler et al., 2006; McBeath et al., 2004) . Roles for TAZ/YAP in directing MSC fate were later described, as depletion of TAZ was found to promote adipogenesis, and increased nuclear TAZ activity promoted osteogenesis (Hong et al., 2005) . Thus, the recent observations indicating that TAZ/YAP localization is influenced by mechanical cues provide a molecular explanation for how cytoskeletal dynamics are integrated with cell fate. Although the regulation of TAZ/ YAP localization by mechanical stimuli is still poorly understood, recent work indicates that an MT1-MMP/β1-integrin/Rho-GTPase signaling cascade is involved, as activation of these signals promotes skeletal stem cell commitment in a TAZ/YAP-dependent manner (Tang et al., 2013) . Intriguingly, recent work suggests that the regulation of TAZ and YAP localization by mechanical cues is independent of the LATS1/2 kinases. For example, knockdown of LATS1/2 in human MSCs, dermal microvascular endothelial cells or breast cancer cells is reported to have no effect on TAZ/YAP nuclear accumulation or activity in a soft microenvironment (Aragona et al., 2013; Dupont et al., 2011) . Thus, it appears that control of TAZ/YAP localization extends beyond the core upstream Hippo pathway regulators.
Input from cell adhesion and polarity signals
Mechanical signals lie at the epicenter of cell-cell contacts, the formation of which is an event long known to restrict cell proliferation and migration (Abercrombie, 1979) . Cell contact-mediated adhesion has been shown to potently restrict TAZ/YAP in the cytoplasm, contributing to the contact inhibition phenotypes observed in non-transformed cells (Zhao et al., 2007) . Cells with aberrant nuclear TAZ/YAP escape contact inhibition, primarily through transcriptional regulation. Recent work indicates that contactmediated changes in TAZ/YAP localization also influence global miRNA biogenesis (Chaulk et al., 2013; Mori et al., 2014) . In part, Adaptor proteins 14-3-3 this is achieved via the regulation of the Let-7 family of miRNAs, which control the levels of the miRNA-processing enzyme Dicer (Chaulk et al., 2013) . Thus, cell contact-mediated TAZ/YAP signaling influences a variety of events, many of which are likely yet to be discovered.
Cell contacts are also a prerequisite for the acquisition and maturation of epithelial cell polarity. Avery close relationship between Hippo pathway components and proteins that control epithelial polarity has thus emerged over the last few years (Fig. 4) . Major TAZ/ YAP-interacting proteins include components of Crumbs, a protein complex that is important for establishing the epithelial apical domain (Varelas et al., 2010b) . Depletion of Crumbs complex components, including Pals1 and the Crumbs family member Crb3, in polarized epithelial cells was found to increase nuclear TAZ/YAP localization (Varelas et al., 2010b) . Angiomotin (AMOT), a factor that is recruited to the Crumbs complex in epithelial cells (Wells et al., 2006) , also tightly associates with TAZ/YAP (Varelas et al., 2010b; Wang et al., 2011; Zhao et al., 2011) . Interactions between TAZ/YAP and AMOT family members (AMOTL1, AMOTL2 and the p130 isoform of AMOT) are involved in directing TAZ/YAP localization. Knockdown of AMOTL2 in confluent epithelial cells increases YAP nuclear accumulation and promotes cellular transformation Zhao et al., 2011) . This might relate to the ability of AMOTL2 to bridge complexes of MST, LATS and YAP (Paramasivam et al., 2011) . Interestingly, recent work shows that p130-AMOT also binds YAP-TEAD complexes in the nucleus to specify transcriptional responses (Yi et al., 2013) . In this context, p130-AMOT was found to disrupt YAP interactions with LATS1/2, thus inhibiting YAP-Ser127 phosphorylation and increasing nuclear YAP levels. Supporting this role in vivo, the deletion of Amot rescues the hepatomegaly and tumorigenesis (processes driven by increased levels of nuclear YAP) that are observed following loss of the tumor suppressor Nf2 (which encodes the protein Merlin). However, how AMOT family members direct these seemingly opposing roles is unclear.
Nf2/Merlin has emerged as an important mediator of TAZ/YAP activity, and is one of the few upstream Hippo pathway regulators frequently found to be mutated in cancers (Harvey et al., 2013) . Merlin associates with Par3 and α-catenin (Gladden et al., 2010) , which are scaffold proteins that assemble with epithelial tight and adherens junctions, respectively. Recent evidence from studies of D. melanogaster indicates that Merlin directly interacts with Warts, recruiting it to the plasma membrane and in turn facilitating its activation. Merlin also binds F-actin (James et al., 2001) , and the loss of F-actin stress fibers promotes interactions between Merlin and Warts , indicating that Merlin relays signals in response to cytoskeletal changes.
Like Merlin, YAP also binds α-catenin (Schlegelmilch et al., 2011; Silvis et al., 2011) . Recruitment of α-catenin to adherens junctions restricts YAP in the cytoplasm, and knockdown of α-catenin induces nuclear TAZ/YAP accumulation (Schlegelmilch et al., 2011; Silvis et al., 2011; Varelas et al., 2010b) . This phenotype is also observed in vivo, as depletion of α-catenin in the epidermis increases nuclear YAP activity and consequently leads to hyperproliferation and tumor formation (Schlegelmilch et al., 2011; Silvis et al., 2011) . Loss of Scribble, an epithelial basal-lateral domain determinant, from mammary epithelial cells also increases the nuclear abundance and activity of TAZ . At the molecular level, Scribble is suggested to form a complex that bridges interactions between TAZ, LATS and MST to promote TAZ phosphorylation and subsequent degradation. Opposing the assembly of TAZ/YAP-LATS-MST complexes are the LIM domain Ajuba proteins (Ajuba, LIMD1 and WTIP), which when expressed ectopically decrease S127-YAP phosphorylation and induce nuclear YAP activity (Das Thakur et al., 2010) . Ajuba proteins associate with cadherin complexes and the actin cytoskeleton and thus may participate in mechanotransduction via TAZ/YAP, but such roles have not yet been explored. Of note, TAZ/YAP cytoplasmic recruitment relies on binding to 14-3-3 proteins, which themselves have extended connections with a wide range of polarity regulators (Morrison, 2009 ). Therefore, a complex but as yet poorly understood network of TAZ/YAP regulation exists that encompasses mediators of cell adhesion, apical-basal polarity and the actin cytoskeletal.
Roles for TAZ/YAP in stem cell regulation and early development
The importance of Hippo signaling is illustrated in early animal development, as precise changes in TAZ/YAP localization are essential for determining some of the first cell fate events. These roles include the renewal of embryonic stem cell populations and the control of cell differentiation signals. Our current knowledge of these processes is discussed below.
Hippo pathway signaling in pre-implantation embryonic development
The nuclear/cytoplasmic distribution of TAZ/YAP defines the first cell fate choice in the mouse embryo -the decision of embryonic cells to become either trophectoderm (TE) or inner cell mass (ICM). One of the first processes to occur in the embryo is 'compaction', during which cells at the ∼8-cell stage form adherens and tight junctions and acquire apical-basal polarity (Cockburn and Rossant, 2010) . As these cells divide, the innermost and more compacted cells lose their polarity, and their differences to the outer cells result in a disparate distribution of TAZ/YAP (Fig. 5) . By the blastocyst stage, TAZ/YAP accumulate in the nuclei of outer TE cells, but are distributed throughout the cytoplasm in cells of the ICM (Nishioka et al., 2009) . Nuclear TAZ/YAP control the activity of TEAD transcription factors to direct a TE-specific transcriptional program that includes the induction of Cdx2 (Home et al., 2012) . In line with this, deletion of Tead4 results in the loss of Cdx2 expression, giving rise to embryos that fail to establish the TE (Nishioka et al., 2008; Yagi et al., 2007) . Deletion of both Taz and Yap also results in cell fate specification defects, but with embryos dying at the morula stage prior to the specification of TE or ICM (Nishioka et al., 2009) . Of note, deletion of either Taz or Yap alone does not result in pre-implantation defects (Hossain et al., 2007; Morin-Kensicki et al., 2006) , indicating redundant Taz/Yap activity at this stage of development. Recent work indicates that TEAD4-deficient embryos can develop into properly specified blastocysts when cultured under conditions that alleviate oxidative stress (Kaneko and DePamphilis, 2013) . The presence of TEAD4 in the embryo prevents reactive oxygen species (ROS) accumulation, suggesting that this unexplored role might be crucial for early cell fate events. Increased nuclear localization of TAZ/YAP, resulting from the deletion of Lats1/Lats2, leads to amplified Cdx2 expression, which prevents proper specification of the ICM (Nishioka et al., 2009 ). Temporal reduction of Lats1/Lats2 with siRNA leads to similar defects, even when 8-cell stage LATS1/LATS2 knockdown embryos are aggregated with wild-type morulas (Lorthongpanich et al., 2013) . In these aggregation experiments, LATS1/LATS2 knockdown cells were found to maintain high levels of Cdx2 despite their positioning, whereas the wild-type inner cells did not. The knockout of both Mob1a and Mob1b, which are regulators of LATS1/2 activity, also results in developmental defects, with embryos arresting at around embryonic day (E) 6.5, prior to gastrulation (Nishio et al., 2012) . Analysis of MOB1A/B-deficient blastocysts revealed aberrant nuclear YAP localization and modest growth failure in the ICM region, with few defects associated with the TE. Like Lats1/2-deleted embryos, depletion of both Amot and Amotl2 also results in increased nuclear YAP localization and Cdx2 expression throughout both inner and outer cell populations, resulting in severe pre-implantation defects. These defects were not apparent when either Amot or Amotl2 was depleted alone, indicating redundancy between AMOT family members (Hirate et al., 2013) . Mechanistic studies have revealed that LATS1/2 induce the phosphorylation of AMOT in the inner cells of the pre-implantation embryo, promoting its association with NF2 at cell membranes, and consequently amplifying TAZ/YAP phosphorylation (Hirate et al., 2013) .
The role of TAZ/YAP in early embryo development has been examined using several other mouse models of the Hippo pathway, including knockouts of Mst1/2, Sav1 and Nf2, all of which display severe developmental defects (Lee et al., 2008; Lu et al., 2010; McClatchey et al., 1997; Oh et al., 2009; Song et al., 2010) . Maternal contributions in many of these mice, however, lead to the emergence of these defects much later than the pre-implantation stage. For example, Nf2 knockout embryos do not exhibit severe phenotypes until ∼E7.0 (McClatchey et al., 1997 ). Yet, examination of embryos with maternal-zygotic Nf2 mutation or embryos injected regulates the phosphorylation and localization TAZ/YAP. Activation of Gα12/ 13, Gαq/11 and Gαi/o GTP-binding proteins (not shown) inhibits TAZ/YAP phosphorylation, inducing nuclear TAZ/YAP localization. Conversely, activation of Gαs-coupled receptors relays PKA-dependent signals that promote LATS1/2-medidated TAZ/YAP phosphorylation, restricting TAZ/YAP to within the cytoplasm. These GPCR-mediated events are transduced by poorly understood mechanisms that involve Rho-ROCK and the actin cytoskeleton. Another extracellular factor impacting TAZ dynamics is the Wnt growth factor (orange; the Wnt receptor is also shown in orange), which stabilizes TAZ protein levels by inhibiting the β-TrCP-mediated destruction of TAZ/β-catenin protein complexes. Interestingly, the epithelial polarity regulator Scrib facilitates the β-TrCP-mediated destruction of TAZ.
with dominant-negative NF2 reveals increased Cdx2 expression, high nuclear YAP localization and aberrant TE specification (Cockburn et al., 2013) .
Although the mechanisms are still unclear, cell polarity changes are linked to the regulation of TAZ/YAP localization in the pre-implantation embryo. Knockdown of PAR6B, knockout of both atypical PKCs (PKCλ and PKCζ), or double knockdown of both PAR1A and PAR1B, all result in decreased nuclear YAP in the outer cells of the blastocyst (Hirate et al., 2013) . However, unlike epithelial cells in adult tissues or culture, where apical-basal polarity restricts nuclear TAZ/YAP, the relationship with cell polarity in the blastocyst appears to be reversed, as TAZ/YAP are exclusively nuclear in apical-basal polarized cells. Thus, there is much that remains to be uncovered with respect to how TAZ/YAP are regulated in the early embryo.
Hippo pathway signaling in embryonic stem cells
Numerous studies have shown that TAZ/YAP play important roles in embryonic stem cells (ESCs), which are derived from the ICM of the blastocyst and have the capacity to self-renew and give rise to all functional cell types in an adult animal. A precise balance of growth factor-induced and cytoskeletal-associated cues is required for the maintenance of ESC pluripotency. These signals ultimately control the levels and action of a core transcriptional circuitry consisting of OCT4 (also known as POU5F1), NANOG and SOX2 (Young, 2011) . Several studies have indicated that nuclear TAZ/YAP activity is required to integrate growth factor signals with these core transcriptional regulators to maintain the ESC pluripotent state.
Human ESCs require signals induced by fibroblast growth factors (FGFs) and members of the transforming growth factor-β (TGFβ) family (Beyer et al., 2013a) . TGFβ stimulates the action of serine/ threonine kinase receptors that phosphorylate and activate the SMAD2/3 class of transcription factors (Weiss and Attisano, 2013) . Studies have shown that TAZ/YAP form complexes with phosphorylated SMAD2/3 (Varelas et al., 2008 (Varelas et al., , 2010b . In the nucleus, the TAZ/YAP-SMAD2/3 complexes bind to TEAD transcription factors, as well as to the core stem cell regulator OCT4, and together mediate the pluripotent state (Beyer et al., 2013b) . Mechanistically, this complex assembles with factors that make up the nucleosome remodeling and deacetylation (NuRD) complex to buffer the expression of pluripotency genes and repress genes that define mesendoderm (Fig. 6) . Upon mesendoderm specification, the TAZ/ YAP-TEAD-OCT4 complex dissociates from the SMADs, allowing the SMADs to activate the forkhead transcription factor FOXH1 and drive differentiation (Beyer et al., 2013b) .
Mouse ESCs also require precise YAP levels to maintain their pluripotent state. Knockdown of YAP in mouse ESCs leads to a loss of OCT4 and SOX2, and consequent differentiation (Lian et al., 2010) . YAP is also essential for reprogramming of fibroblasts into the induced pluripotent stem cell (iPSC) state, which closely resembles that of ESCs in phenotype and differentiation potential (Takahashi and Yamanaka, 2006) . As in human ESCs, YAP binding to TEADs directs transcriptional events important for maintaining pluripotency. Ectopic expression of a nuclear-localized mutant YAP promotes mouse ESC self-renewal and increases the efficiency of iPSC reprogramming (Lian et al., 2010) . Similar observations have been made with human iPSCs, where LATS2 knockdown, which elevates nuclear TAZ/YAP levels, increases reprogramming efficiency (Qin et al., 2012) . One key difference between human and mouse ESCs is that the latter rely on signals induced by bone morphogenetic protein (BMP) and leukemia inhibitory factor (LIF) (Beyer et al., 2013a) . BMPs are a subclass of the TGFβ superfamily and, like TGFβ, promote the phosphorylation and activation of SMAD1/5/8 transcription factors. YAP interacts with BMPactivated SMAD transcription factors (Alarcon et al., 2009 ) and, as in the case of TGFβ signaling, YAP-TEAD complexes may direct SMAD activity in mouse ESCs. Supporting a co-dependency of TAZ/YAP and TEADs, the simultaneous knockdown of TEAD1/3/ 4 results in a loss of mouse ESC pluripotency (Lian et al., 2010) . Additionally, LIF increases TEAD transcriptional activity by reducing YAP phosphorylation and promoting nuclear YAP-TEAD complexes that enhance mouse ESC self-renewal (Lian et al., 2010; Tamm et al., 2011) . Intriguingly, expression of LIF receptor (LIFR) in breast cancer cells conversely promotes YAP phosphorylation and inhibits breast cancer metastasis in mice . Thus, further studies are required to understand the mechanisms connecting LIF and YAP.
While nuclear TAZ/YAP have crucial roles in ESCs cultured in vitro, in vivo studies in mouse blastocysts clearly indicate that TAZ/ YAP are in the cytoplasm of the ICM, the region from which ESCs are derived. Such observations suggest that pluripotent ESCs exist very transiently in vivo, and that changes in TAZ/YAP localization might provide a mechanism to integrate microenvironmental cues with cell differentiation. Indeed, a wealth of work has shown that the mechanical microenvironment can have dramatic consequences for stem cell fate (Lutolf et al., 2009) . Therefore, the mechanisms controlling TAZ/YAP localization might be a fundamental determinant of cell fate specification, and understanding these has obvious implications for regenerative medicine.
Control of organ development, homeostasis and disease by the Hippo pathway
The Hippo pathway was described as a regulator of organ size in D. melanogaster, and recent evidence is confirming this premise in mammals. Context-dependent roles for TAZ and YAP are also emerging, highlighting functional redundancy as well as divergent roles for these factors. Recent studies in mice suggest that nuclear TAZ/YAP promote progenitor renewal and proliferation in a range of organs, and that cytoplasmic restriction of TAZ/YAP is a requisite for tissue homeostasis. TAZ/YAP localization is dramatically altered upon tissue damage, and in some tissues nuclear TAZ/YAP abundance facilitates regeneration. However, how TAZ/YAP are regulated is still an open question, particularly with respect to the potential differences between these factors. Moreover, the precise roles for TAZ/YAP in these settings are likely to extend beyond transcriptional regulation, and these roles are starting to be uncovered. Our current knowledge of these in vivo roles for TAZ and YAP is Fig. 5 . Dynamic changes in TAZ/YAP localization direct pre-implantation development. As the mouse embryo develops from the morula to the blastocyst stage (illustrated), the inner and outer cells acquire differences in apical-basal polarity that alter the localization of TAZ/YAP (red). TAZ/YAP is nuclear localized in the less compacted, but polarized, outer cells that give rise to the trophectoderm. By contrast, compaction of the apolar cells within the inner cell mass promotes cytoplasmic TAZ/YAP localization.
briefly discussed below, with a focus on what is known about Hippo signaling in different organs.
Liver
Unlike most other organs, the liver has the ability to tolerate substantial changes in size and high levels of stress, and possesses a distinct ability to regenerate following partial damage. For these reasons, the liver was an early choice for studying Hippo signaling in vivo. Expression of Yap, or of a constitutively nuclear mutant, from a kidney-specific inducible promoter was observed to increase liver mass following only 3 days (Camargo et al., 2007; Dong et al., 2007) . Prolonged expression of Yap was found to promote hepatocellular carcinoma phenotypes, providing in vivo evidence that elevated YAP is oncogenic. Consistent with these observations, YAP is amplified in human liver cancers (Zender et al., 2006) . A similar onset of hepatocellular carcinoma is associated with liver-specific deletions of Sav1, Nf2 or both Mst1 and Mst2, all of which result in elevated nuclear YAP levels Lu et al., 2010; Song et al., 2010; Zhang et al., 2010; Zhou et al., 2009) . In all of these models nuclear YAP was found to promote the proliferation of oval cells, a potential progenitor population of the liver that might be capable of generating both hepatocytes and biliary cells. Recent evidence has revealed that AMOT associates with YAP in the nucleus to direct transcriptional events required for oval cell proliferation (Yi et al., 2013) . Similar increases in oval cell expansion have also been observed following bile acid-induced injury of the liver, which elevates nuclear YAP levels by enhancing the expression of IQGAP, an inhibitor of cell adhesion (Anakk et al., 2013) . Human patients with advanced stage cholestatic liver disease, which results in bile acid-induced ductal injury, display aberrantly high nuclear YAP levels (Bai et al., 2012) . Thus, changes in YAP levels appear to be crucial for liver repair and regeneration. Indeed, YAP levels are dramatically induced following hepatectomy (Apte et al., 2009) , and the deletion of Yap in the mouse liver compromises the regenerative response of hepatocytes (Bai et al., 2012) .
Pancreas
Recent work has shown that changes in YAP localization are essential for proper pancreas development (Gao et al., 2013; George et al., 2012) . Analyses of pancreas-specific Mst1/2 knockout mice have revealed severe developmental defects that correlate with increased nuclear hypophosphorylated YAP (Gao et al., 2013; George et al., 2012) . The most obvious defect observed was the failure for acini to form their classic rosette-like structure, resulting in severely reduced acinar-ductal ratios. Ectopic expression of a nuclear-localized YAP mutant (S112A-Yap) mirrored many aspects of the Mst1/2 knockouts (Gao et al., 2013) . Additionally, heterozygous deletion of Yap reversed many of the phenotypes observed in the Mst1/2 knockout (Gao et al., 2013) . Thus, YAP functions downstream of MST1/2 in the pancreas. Immune cell infiltration was associated with both the Mst1/2 knockouts and the S112A-Yap-expressing pancreases, resembling phenotypes observed in human acute pancreatitis. These studies therefore suggest that dysregulation of Hippo signaling might be an unappreciated mechanism contributing to human pancreatic disease phenotypes.
Salivary glands
The morphogenesis of the murine salivary submandibular gland (SMG) relies on dynamic changes in cell adhesion and polarity that occur during epithelial tubule branching. These changes have recently been shown to rely on accurate Hippo pathway signaling (Enger et al., 2013) . In particular, increases in TAZ/YAP levels, along with enhanced phospho-S89-TAZ levels, were found to be associated with the assembly of junctional E-cadherin/α-catenin complexes during SMG branching (Enger et al., 2013) . Depletion of LATS2 in ex vivo SMG cultures delocalizes TAZ, resulting in aberrant branching and inhibition of ductal extensions. The defects associated with LATS2 knockdown showed many similarities to phenotypes observed in human Sjogren's syndrome (Enger et al., 2013) , an autoimmune disease of the salivary and lacrimal glands. Similar dysregulation of TAZ localization was confirmed in human Sjogren's syndrome tissues, indicating that dysregulated Hippo signaling might be a contributing factor in this disease.
Kidney
The first evidence for the importance of Hippo signaling in kidney development emerged from analyses of Taz knockout mice, which develop polycystic kidneys (Hossain et al., 2007; Makita et al., 2008; Mitani et al., 2009; Tian et al., 2007) . The large cysts found in Taz knockout kidneys exhibit elevated levels of PC2, a calcium-permeable cation channel that has roles in ciliogenesis and is commonly dysregulated in polycystic kidney disease (Tian et al., 2007) . The cystic regions in Taz knockout kidneys also display aberrantly localized β-catenin (Varelas et al., 2010a) , suggesting that hyperactive Wnt/β-catenin signaling might contribute to these defects. Conditional deletion of Taz in the progenitor cap mesenchyme population of the developing kidney leads to the formation of cystic kidneys that are very similar to those observed in whole-body Taz knockouts (Reginensi et al., 2013) . Strikingly, however, the conditional deletion of Yap in the same populations results in hypoplastic kidneys with few detectable glomeruli or proximal tubules, and defects in the formation of the Henle's loop and distal tubules (Reginensi et al., 2013) . Dynamic changes in the nuclear/ cytoplasmic localization of YAP in the kidney are also observed, which, interestingly, were found to be regulated by the GTPase CDC42. Deletion of Cdc42 in the developing kidney reduces the levels of nuclear YAP, resulting in phenotypes similar to those observed upon Yap deletion. Intriguingly, analyses of kidneys with deletion of both Taz and Yap indicate that these factors have divergent roles in the kidney, as double knockouts exhibit phenotypes that are mostly similar to the Yap deletion, but with the few developed proximal tubules displaying cystic phenotypes like those found in the Taz deletion (Reginensi et al., 2013) . Whether upstream Hippo pathway regulators of TAZ or YAP direct their distinct roles has not been extensively explored. A superficial analysis of Mst1/2-and Sav1-deleted kidneys indicates that they develop normally, suggesting that signals relayed via CDC42 might be the primary mode of regulation.
Lung
In addition to the kidney defects discussed above, Taz knockout mice were observed to display alveolarization defects that resemble those seen in human emphysema (Hossain et al., 2007; Makita et al., 2008; Mitani et al., 2009; Tian et al., 2007) . TAZ associates with and promotes the activity of TTF1 (NKX2.1), a transcription factor essential for specifying the lung (Park et al., 2004) . However, whether this relationship is important for the roles of TAZ in lung development is unclear, as Taz knockout lungs do not exhibit any changes in TTF1 target gene expression. Intriguingly, heterozygous deletion of Taz was found to confer resistance to bleomycin-induced lung fibrosis (Mitani et al., 2009) , suggesting that TAZ might be a key factor promoting fibrotic responses. Conditional knockout of Mst1/2 in the respiratory epithelium also leads to lethal respiratory failure , but these defects were not attributed to changes in TAZ or YAP localization. Rather, Mst1/2-deficient lungs were found to have dysregulated FOXA2 transcription factor activity. The function of other Hippo pathway components in the lung is still unclear, but given the dramatic morphogenetic changes that occur during lung development, and the close connections between lung cancer and TAZ/YAP (Su et al., 2012; Zhou et al., 2011b) , it is likely that the Hippo pathway will prove to be important.
Heart
The mammalian heart undergoes dramatic changes in size during development, driven in large part through the proliferation of cardiomyocytes. These cells withdraw from the cell cycle shortly after birth as a result of decreased nuclear levels of YAP. Deletion of upstream Hippo pathway effectors, such as conditional deletion of Sav1 or Lats2 (Heallen et al., 2011) , or induced expression of nuclear-localized S112A-Yap (von Gise et al., 2012; Xin et al., 2013) , drives aberrant cardiomyocyte proliferation. Conversely, conditional deletion of Yap in mouse cardiomyocytes causes cardiac hypoplasia (von Gise et al., 2012; Xin et al., 2011) . Cardiac-specific deletion of Taz, however, does not result in obvious defects until combined with heterozygous deletion of Yap (Xin et al., 2013) . Loss of both Taz and Yap results in severe defects in cardiomyocyte proliferation, with increased apoptosis of these cells. Therefore, TAZ and YAP have redundant roles in the heart. Nuclear TAZ/YAP have been reported to direct cardiomyocyte proliferation by mediating Wnt/β-catenin and insulin-like growth factor (IGF) signaling (Heallen et al., 2011; Xin et al., 2011) . Supporting the relationship between TAZ/YAP and Wnt, heterozygous deletion of β-catenin partially rescues the phenotypes observed in cardiac-deleted Sav1 animals (Heallen et al., 2011) . Of note, despite the normal dormancy of cardiomyocytes in adult hearts, these cells can be potently driven to proliferate by forcing the expression of nuclear S112A-Yap (Xin et al., 2013) . As a result, S112A-Yap expression improves contractility following myocardial infarction. Additionally, conditional deletion of Sav1 or Lats1/2 enhances cardiomyocyte regeneration after adult myocardial infarction (Heallen et al., 2013) . Directing YAP activity might therefore provide a means for therapeutic regeneration following heart damage.
Intestine
Several recent studies have examined the roles of the Hippo pathway in intestinal development and repair, and what has emerged is a complex story surrounding the activity of YAP. Nuclear YAP levels are elevated in stem cell compartments of the intestinal epithelium (Camargo et al., 2007) . Deletion of Mst1/2 or Sav1 drives crypt hyperplasia, leading to an expansion of undifferentiated intestinal progenitors, suggesting that nuclear YAP promotes progenitor proliferation Camargo et al., 2007; Zhou et al., 2011a) . Supporting this idea, deletion of Yap impairs the regenerative response following dextran sulfate sodium salt (DSS)-induced damage . Deletion of Yap caused no obvious defects in intestinal development or homeostasis, suggesting that these roles for Yap are specific to the regenerative response. Complicating matters, however, another study has shown that deletion of Yap causes hyperplasia and overgrowth following irradiation-induced damage (Barry et al., 2013) . Moreover, ubiquitous expression of S127A-YAP can promote dysplasia along the entire intestinal epithelium (Camargo et al., 2007) , whereas expression of S127A-YAP specifically in the intestinal epithelium results in a degenerative phenotype associated with the rapid loss of proliferating crypts (Barry et al., 2013) . Related to these intestinal roles for YAP is its ability to inhibit Wnt/β-catenin signaling by binding to and inhibiting the Wnt effector Dishevelled (Barry et al., 2013) . Such observations are reminiscent of similar roles for TAZ, which also restrict Wnt/β-catenin signaling (Varelas et al., 2010a) . Supporting this Wnt-repressive role for YAP, stimulation of Yap-deleted intestines with the Wnt agonist Rspondin leads to massive hyperplasia (Barry et al., 2013) . Thus, Hippo pathway and YAP regulation of the intestinal epithelium appears to be complex and might rely on the presence or absence of local niches, such as those that express Wnt, to define distinct contextual signaling events.
Skin
The development and homeostasis of the epidermis rely on a balance between proliferation and differentiation of progenitor populations. These populations are dramatically influenced by changes in YAP levels and localization. Nuclear YAP is evident in undifferentiated progenitors found in early single-layered developing epithelia (Schlegelmilch et al., 2011; Zhang et al., 2011) . YAP then shifts to the cytoplasm concomitant with differentiation, suggesting that this change in localization is crucial for maturation of the epidermal epithelium. Indeed, deletion of Sav1 results in hyperproliferation of basal progenitors (Lee et al., 2001) . Similarly, the conditional expression of a nuclear-localized mutant YAP in the skin is reported to drive extensive proliferation of basal progenitors, resulting in the onset of squamous cell carcinoma-like tumors (Schlegelmilch et al., 2011) . These events are primarily mediated by interactions between nuclear YAP and TEADs, as disruption of TEAD binding rescues the effect of YAP expression. Conversely, conditional deletion of Yap in epidermal progenitors has been shown to result in failed skin expansion and a complete loss of the epidermal barrier (Schlegelmilch et al., 2011) . Surprisingly, skin-specific depletion of Mst1 and Mst2, or the depletion of Lats1/2 kinases, does not result in epidermal cell fate abnormalities. Rather, the adherens junctionassociated protein α-catenin appears to have a crucial role in the regulation of YAP in this context, as it binds YAP to promote cytoplasmic restriction (Schlegelmilch et al., 2011; Silvis et al., 2011) . Loss of α-catenin leads to dramatic nuclear YAP accumulation and elevated YAP transcriptional activity, stimulating epidermal stem cell expansion at the expense of differentiation.
Nervous system
Some of the first studies to examine the roles of Hippo signaling in progenitor cells focused on neuroepithelial cells, which are a selfrenewing population of multipotent progenitors that generate the central nervous system. This work indicated that reduced YAP levels result in a decreased number of neuroepithelial cells in the developing chick neural tube and Xenopus laevis embryo, whereas increased nuclear YAP-TEAD activity drives the expansion of these cells (Cao et al., 2008; Gee et al., 2011) . The expression of dominant-negative MST2 or knockdown of LATS1/2 activity was similarly found to drive neuroepithelial proliferation, suggesting that the Mst-Lats cascade mediates YAP function in this context. The protocadherin FAT4 has also been implicated in the regulation of YAP activity in neural progenitors. Knockdown of FAT4 in the developing chick or mouse neural tube increases neural progenitor numbers in a YAP-dependent fashion (Cappello et al., 2013; Van Hateren et al., 2011) . Additionally, NF2/Merlin has recently been shown to suppress mouse neural progenitor expansion by inhibiting TAZ/YAP activity (Lavado et al., 2013) . How nuclear TAZ/YAP activity controls progenitor proliferation is poorly understood, but is likely to involve the activation of genes encoding cell cycle regulators, such as cyclin D1, and inhibition of pro-differentiation factors, such as NeuroM (Cao et al., 2008) . The ability of YAP to activate the Sonic hedgehog signaling pathway also appears to be functionally relevant in neuronal progenitors , but how YAP intersects with this pathway is unclear.
Conclusions
The broad importance of the Hippo pathway in animal development has prompted a profusion of research devoted to this field over the past decade. Detailed examination of genetic models together with biochemical characterization of pathway components has provided a glimpse into the complex network of signals controlling the activity of TAZ and YAP. These studies have also highlighted that the nuclear/cytoplasmic distribution of TAZ/YAP has key roles in directing cell fate, proliferation and apoptosis. However, these functions are not always observed synchronously and often are evident in a context-specific manner. A thorough characterization of the cytoplasmic functions of TAZ/YAP that goes beyond their nuclear transcriptional roles might provide better insight into these differences. Moreover, events that distinctly regulate TAZ or YAP are poorly described, and thus a better understanding of these signals might offer important insight.
It is noteworthy that TAZ and/or YAP localization and levels are dysregulated in a broad range of cancers, which I have not covered in depth here (for a recent review see Harvey et al., 2013) . The degree of TAZ/YAP dysregulation is frequently correlated with cancer progression, and recent evidence indicates that, much like their roles in development, uncontrolled nuclear TAZ/YAP activities may drive an undifferentiated state of cancer cells . Thus, further knowledge of the mechanism of TAZ/YAP regulation might offer previously unappreciated insight into disease progression that will hopefully lead to new therapeutic approaches. Provided that we learn how to control the nuclear functions of TAZ/ YAP, these factors also offer a potential approach for modulating tissue regeneration.
